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Abstract
Proper ankle motor control is critical for balance in the human body during functional activi-
ties such as standing, walking, and running. Different exercise modalities are often per-
formed during the same training session where earlier activities may influence later ones.
The purpose of the current study was to determine the acute effects of different exercise
modalities on ankle force sense. Seventeen subjects performed four different intervention
protocols (static stretching, balance task, concentric contractions, and control) in random
order. Each session comprised measurements before and after the intervention protocol of
the force sense of the ankle plantar flexors (PF) and dorsal flexors (DF) at 10% and 30%
of maximal voluntary isometric contraction (MVC). Absolute errors (AE) were calculated
separately for each force level and muscle group. An overall PF error (PF-SUM = PF at 10%
MVC + PF at 30%MVC), DF error (DF-SUM = DF at 10%MVC + DF at 30%MVC) and ankle
error (PF-DF-SUM = PF-SUM + DF-SUM) were also calculated. The main effect of time
generally revealed that ankle force sense was significantly reduced after static stretching
(PF-DF-SUM: Pre: 6.11±2.17 Nm, Post: 8.03±3.28 Nm; p < 0.05), but no significant differ-
ences were observed for the concentric contractions (PF-DF-SUM: Pre: 6.01±1.97 Nm,
Post: 6.50±2.28 Nm) and the balance task (PF-DF-SUM: Pre: 5.25±1.97 Nm, Post: 5.50
±1.26 Nm). The only significant interaction was observed for the PF-DF-SUM (F = 4.48, p =
0.008) due to greater error scores after stretching (+31.4%) compared to the concentric
(+8.2%), balance (+4.8%), and control (-3.5%) conditions. Based on these results, static
stretching should not be performed before activities that require a high ankle force sense
such as balance, coordination, and precision tasks.
Introduction
Awareness of the acute effects of different exercise modalities is important to prescribe them
in an optional sequence during a training session. For instance, it is well known that static
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stretching impairs subsequent physical performance [1]. One the other hand, there is not
much information on the acute effects of different exercise modalities (e.g., stretching, concen-
tric contractions, or balance task) on kinaesthesia. Kinaesthesia has been proposed as an
important factor in automatic control of movement, balance, and joint stability [2]. Over the
past few years, developing kinaesthetic sense has become a necessary element in re-establishing
proper motor control after injury [3] and in preventing falls in the elderly [4]. Improvements
in kinaesthetic sense within a sports context usually occurs in parallel with other training inter-
ventions [5], however, its development and use within an exercise unit have had little
attention.
Kinaesthesia refers not only to the sensation of limb position and movement, but also the
perception of force produced by the muscles [6,7]. The ability to sense muscle force might be
equally important to joint position sense with regards to joint stability [8]. It is well known
that force control of submaximal contractions play a crucial role in performing day-to-day
activities [9]. The ankle joint plays a significant role in postural stability. Since the ankle is posi-
tioned close to the body’s base of support, proper motor control of the ankle is critical for the
balance during functional activities such as standing, walking, and running [10]. It has previ-
ously been shown that ankle strategies are more important in an anterior-posterior direction
in which plantar-flexor (PF) and dorsi-flexor (DF) muscles play an important role [11]. It has
been already determined that force sense of the ankle is impaired in people with functional
ankle instability [8]. However, little is known about the acute influence of performing different
exercise modalities on ankle force sense. There have been some inconsistent results between
different studies that could be due to variations between subjects, measuring devices, and
intervention protocols [12–15]. In this regard, the influence of exercise on joint kinaesthesia
should be further examined.
Different exercise modalities may have different acute influences on the functional state
of the muscles, leading to divergent influence on muscle mechanoreceptors and consequently
on kinaesthesia and motor control. Static stretching, fatiguing concentric contractions, and
different balance tasks are among the most common exercise modalities. To date, investiga-
tions on kinaesthesia have mainly focussed on the effects of fatigue. Some studies reported
disturbed kinaesthesia [12,16,17] while others suggested that muscle fatigue has no effect
[13,18]. Impairment in kinaesthesia could be caused by the accumulation of metabolites in the
muscle that can affect muscle spindle activity [19], as well as by changes in functioning of
mechanoreceptors [20], and central nervous system [21]. Varying results can also be found
for stretching. Acute decreases in kinaesthetic acuity were observed following proprioceptive
neuromuscular facilitation stretching (PNF) [14], while others demonstrated that static muscle
stretching has no effect on kinaesthetic senses [15,22,23]. Static stretching could alter
kinaesthesia because of reduced passive muscle-tendon unit (MTU) stiffness, increased MTU
length [24] and changes in neural level (reduced tonic reflex activity) [25]. It is also known that
balance training induces spinal and supraspinal adaptations in all sensory systems [26] and
evokes sensory reorganization [27], but there is no evidence on the acute influence of balance
training on different tests for measuring kinaesthesia. Because of these conflicting results,
more research is needed to clarify how the aforementioned exercise modalities influence ankle
force sense.
To address these research gaps, the aim of the present study was to assess the reliability of
an ankle force sense test and to explore the acute effects of different exercise modalities on
ankle force sense. Specifically, these modalities included static stretching, fatiguing concentric
contractions, and balance task. We hypothesised that static stretching and fatiguing concentric
contractions would have significant impact on the force sense of the ankle.
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Materials and methods
Subjects
Seventeen students of the Faculty of Sports (8 female, 9 male) (mean ± standard deviation:
age = 23.5 ± 1.9 years; body height = 1.74 ± 0.07 m; body mass: 67.6 ± 11.6 kg) volunteered
for this study. They had no history of ankle injury or neuromuscular deficits that could com-
promise the performance being tested. Subjects were excluded if there was history of injury,
presence of central nervous system dysfunction, or any acute symptoms of lower extremity
pathology. All subjects were physically active, but none of them was a competitive athlete.
They refrain from physical activities and alcohol at least 48 hours prior to testing. Subjects
were not allowed to consume caffeine on the day of measurement. They were informed about
testing procedures and provided a written informed consent prior to commencing the study.
The experiment was approved by the local Ethics Committee of the Faculty of Sports Ljubljana
according to the Declaration of Helsinki.
Experimental design
The study was designed to evaluate the acute influence of different exercise modalities (static
stretching, balance task, concentric contractions, control) on ankle force sense (Fig 1). Actual
measured values represent torque (Nm), however, because of constant axis and established ter-
minology in the field of kinaesthesia, the term force sense will be used in the article. Subjects
attended the laboratory five times, each separated by three to four days. The first session was
used for familiarization with the tests and exercise modalities. The acute effects of single exer-
cise modalities were evaluated over the remaining four sessions. The maximal voluntary iso-
metric contraction (MVC) for PF and DF were performed after a warm-up (four graded
submaximal contractions). A 15-minute period of rest was given to avoid potentiation. The
initial ankle force sense test was then performed, after which the subject performed the exer-
cise modality for that session, with the second force sense test being repeated 3 min later.
Before test subjects actively moved ankle through full range of motion to avoid thixotropy
[28]. Only the ankle of the dominant leg was analysed. Leg dominance was determined with
question: “With which foot would you kick a ball to hit a target?” [29].
Fig 1. Overview of four experimental sessions. Four exercise modalities were applied in random order.
https://doi.org/10.1371/journal.pone.0210881.g001
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Testing procedures
Maximal voluntary isometric contraction (MVC). A custom designed isometric chair
equipped with force sensor (MES, Maribor, Slovenia) was used to test maximal PF and DF iso-
metric strength. Subjects were seated in a chair with hips and knees flexed to 90˚. The rota-
tional axis of the force sensor was aligned to the rotational axis of the ankle (i.e. medial ankle
malleolus). The leg was held to the isometric chair at the thighbone and around the forefoot
(aligned with the head of the fifth metatarsal). The fixed position minimised the involvement
of other muscle groups. Subjects were verbally instructed to perform isometric contraction for
5 s with maximum effort. Two trials were performed for PF and another two for DF, with a 30
s rest between trials. The maximal force of the two trials for PF and DF was used for further
analysis.
Force-sense test. Force-matching procedures were performed unilaterally at 10% and
30% of the MVC previously calculated. Each subject was instructed to develop a determined
level of force, first with feedback information and then without feedback. Subject positioning
was identical to MVC testing. During the trial with feedback, subjects were instructed to obtain
the target force utilizing a computerized digital readout (LabChart 8, ADInstruments, Bella
Vista, Australia). They were asked to maintain the contraction for 5 s as near as possible to tar-
get force and then relax. Immediately after relaxation, their goal was to reproduce the target
force with the same ankle without feedback from the digital readout. Subjects pressed a hand
switch when they perceived that the pre-defined target force was reached. Subjects were not
able to see their feet during the test. Three trials, consisting of one repetition with feedback
and another repetition without feedback, were performed for each force (10% and 30% of
MVC) and muscle group (PF and DF). There was a 30 s rest period between each trial. Subjects
were not given feedback about their force matching performance. The final second of the tar-
get force, and the initial second of reproduction force were used in data analysis, this format
having previously been shown as a reliable method of data processing [8]. Absolute error (AE)
was used to assess ankle force-matching performance, presenting a measure of the overall
accuracy of the ankle force matching performance [12]. The variable was calculated as the dif-
ference between the force developed with feedback from the digital readout and the force
developed without visual feedback. For statistical analysis we used the average value of the 3
trials for each force (10% MVC, 30% MVC) and PF and DF separately. AE were calculated for
PF at 10% MVC (PF 10%), PF at 30% MVC (PF 30%), DF at 10% MVC (DF 10%), DF at 30%
MVC (DF 30%). Overall PF errors (PF_SUM) were calculated as the total of PF at 10% MVC
and PF at 30% MVC, while overall DF errors (DF_SUM) represented the total DF at 10%
MVC and DF at 30% MVC. The total of PF_SUM and DF_SUM together represented the
overall average error in the force sense test (PF-DF_SUM).
Exercise modalities. Subjects performed three different intervention protocols and one
control session in randomized order. Sessions without intervention protocol were used to
determine the reliability of the force sense test. During the control sessions subjects were only
allowed to walk in the laboratory. The intervention protocols were designed to target muscles
around the ankle joint (PF and DF) of the dominant (measured) leg.
Three different static stretching exercises were performed. Each of them targeted a specific
muscle (gastrocnemius, soleus, tibialis anterior). For the gastrocnemius muscle, subjects were
instructed to place both forearms against the wall. The control leg was placed on the ground in
front of the body and with bent knee. Dominant leg was placed behind the body with the
straight knee and the heel flat on the ground. Once the subjects adopted this position, they
were instructed to lean forward at the hips and stretch the calf muscles. A similar stretching
protocol was used for the soleus muscle with the only difference that the knee of the dominant
Selective effect of different exercise modalities on ankle force sense
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leg was in a bent position. Tibialis anterior was stretched in a standing position with the knees
slightly bent. Subjects used the wall in front of them to support balance. Control foot was
placed flat on the ground, while the dominant leg was placed behind the stable foot with the
toes touching the ground. Subjects were instructed to push the stretching leg forward to feel
the stretch through their shins. Each muscle was stretched 6 times for 40 s, with 20 s rest
between each repetition. Subjects were instructed to stretch the muscle to their discomfort
zone, but not pain, as acknowledge by the subject [30].
The balance task intervention was undertaken as a one-legged stance on Airex soft mat.
The task was performed barefoot, with open eyes and slightly bent knees. Arms were crossed
on the chest. Subjects performed four sets, each set had four repetitions of 20 s with 40 s rest
between repetitions [26]. There was a 1 min rest between sets to avoid fatigue.
The fatiguing concentric contractions intervention included two different exercises. In the
first exercise, subjects were asked to perform dorsal flexion of the ankle with a foot strap cable
equipment. In the second exercise, they performed toe-lifts in a press machine. They were
asked to follow the beat of a metronome (60 beats/min, 1 s for concentric part, 2 s for eccentric
part). Loading for both exercises represented the 30% of the one-repetition maximum (1RM)
and they performed 30 repetitions per exercise. The 1 RM was calculated from a test of less
than 10 repetitions during the familiarization session by way of the Brzycki equation [31]. Sub-
jects performed one set with the maximal number of repetitions. In addition, subjects were
given verbal encouragement to ensure that maximal number of repetitions was achieved.
Statistical analysis
Descriptive data of the dependent variables have been presented as means and standard devia-
tion. Normal distribution of the data was tested using the Shapiro-Wilk test and the homoge-
neity of variances with Mauchly’s sphericity test. Paired sample t-tests and Cohen’s d effect
size (ES) were used to evaluate the systematic differences between both trials performed in the
Control condition. Reliability was assessed through the standard error of measurement (SEM)
and interclass correlation coefficient (ICC; model 3.1) [32]. Acceptable reliability was deter-
mined as an ICC > 0.70 [33] A two-way repeated-measures ANOVA with Bonferroni post hoc
corrections (time [pre-exercise and post-exercise] × exercise modality [static stretching, fatigu-
ing concentric contractions, balance, and control]) was applied to the absolute error scores of
each dependent variable. Statistical significance was accepted at P< 0.05 level (two-tailed) and
confidence limits were set at 95%. Reliability assessments were performed by means of a cus-
tom spreadsheet [34], while other statistical analyses were performed using the SPSS (IBM
SPSS version 25.0, Chicago, IL, USA) software package.
Results
All data was normally distributed (p> 0.05) and the homogeneity of variances was confirmed
(p> 0.05). The reliability analysis revealed no significant differences between Trials 1 and 2
for all the dependent variables (Table 1), while all ICC values showed an acceptable reliability
(ICC ranged from 0.79 to 0.92).
The only significant interaction was observed for the PF-DF-SUM (F = 4.48, p = 0.008) due
to greater error scores after stretching (+31.4%) compared to the concentric (+8.2%), balance
(+4.8%), and control (-3.5%) conditions (Table 2). The ANOVA test showed significant main
effect of time for DF 10% (F = 11.8, p = 0.003), PF-SUM (F = 6.52, p = 0.021), and DF-SUM (F =
5.00, p = 0.040 due to higher error scores post-exercise, but no significant differences were
observed for PF 10% (F = 1.16, p = 0.298), PF 30% (F = 1.91, p = 0.186), and DF 30% (F = 0.99,
p = 0.335). Differences among exercise modalities were statistically significant for DF 10%
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(F = 3.63, p = 0.019), and DF-SUM (F = 4.66, p = 0.006) due to higher error scores in the stretch-
ing condition, but no significant differences were observed for PF 10% (F = 1.86, p = 0.148), PF
30% (F = 0.76, p = 0.523), DF 30% (F = 2.73, p = 0.054), and PF-SUM (F = 2.53, p = 0.068).
Discussion
The present study examined the acute effects of static stretching, fatiguing concentric contrac-
tions, and balance task on force sense of the ankle. The main findings revealed that: (1) overall
AE of the ankle (PF-DF-SUM) was significantly greater after static stretching compared to
other conditions, (2) overall AE of DF (DF-SUM) was significantly greater after static stretch-
ing compared to control and, (3) AE of DF at 10% MVC (DF 10%) was significantly greater
after static stretching compared to control and balance condition. Our results also suggested
deterioration of force sense of the ankle after concentric contractions for DF-SUM, but failed
to show differences in respect to control condition.
We assumed that changes to the functional state of the muscle following different exercise
modalities would influence ankle force sense acuity. Our findings indicate that only static
stretching had a significant effect on the ankle, leading to greater AE in the force sense test
after intervention. No studies were found presenting direct influence of static stretching on
ankle force sense. However, our results do relate to findings from different authors on the
Table 2. Comparison of the error scores for force sense between different exercise modalities.
Variable Stretching Concentric Balance Control
Pre Post Pre Post Pre Post Pre Post
PF 10% (Nm) 2.10 (1.04) 2.67 (1.88) 2.08 (0.99) 2.18 (1.04) 1.60 (0.94) 1.78 (1.01) 2.27 (1.05) 2.09 (1.04)
PF 30% (Nm) 1.98 (0.91) 2.86 (1.84) 2.24 (1.65) 2.30 (1.33) 1.97 (1.05) 1.89 (0.94) 2.07 (0.74) 2.12 (0.97)
DF 10% (Nm) 0.81 (0.52) 1.17 (0.63) 0.83 (0.42) 0.97 (0.50) 0.85 (0.43) 0.94 (0.45) 0.70 (0.38) 0.66 (0.43)
DF 30% (Nm) 1.22 (0.57) 1.34 (0.94) 0.87 (0.53) 1.05 (0.61) 0.84 (0.48) 0.88 (0.57) 0.89 (0.53) 0.85 (0.66)
PF-SUM (Nm) 4.08 (1.60) 5.53 (2.78) 4.32 (1.80) 4.48 (1.92) 3.55 (1.65) 3.67 (0.99) 4.34 (1.22) 4.21 (1.37)
DF-SUM (Nm) 2.03 (0.98) 2.50 (1.19) 1.69 (0.73) 2.02 (0.87) 1.69 (0.66) 1.82 (0.84) 1.59 (0.72) 1.51 (0.88)
PF-DF-SUM (Nm) 6.11 (2.17) 8.03 (3.28)� ,a,b 6.01 (1.97) 6.50 (2.28) 5.25 (1.97) 5.50 (1.26) 5.93 (1.51) 5.72 (1.66)
Mean (standard deviation). Pairwise comparisons were only performed for PF-DF_SUM because it was the only variable that showed a significant time × exercise
modality interaction (p = 0.008).
�, significant differences compared to pre-intervention
a, significant differences compared to balance
b, significant differences compared to control. No significant differences at pre-intervention were observed between the four exercise modalities.
https://doi.org/10.1371/journal.pone.0210881.t002







PF 10% (Nm) 2.27 (1.05) 2.09 (1.04) 0.290 0.81 (0.54, 0.93)
PF 30% (Nm) 2.07 (0.74) 2.12 (0.97) 0.740 0.79 (0.51, 0.92)
DF 10% (Nm) 0.70 (0.38) 0.66 (0.43) 0.352 0.91 (0.77, 0.97)
DF 30% (Nm) 0.89 (0.53) 0.85 (0.66) 0.666 0.85 (0.64, 0.94)
PF-SUM (Nm) 4.34 (1.22) 4.21 (1.37) 0.461 0.86 (0.65, 0.95)
DF-SUM (Nm) 1.59 (0.72) 1.51 (0.88) 0.356 0.92 (0.79, 0.97)
PF-DF-SUM (Nm) 5.93 (1.51) 5.72 (1.66) 0.257 0.90 (0.75, 0.96)
P, p-value obtained from paired samples t tests; ICC, intraclass correlation coefficient; 95% CI, 95% confidence
interval.
https://doi.org/10.1371/journal.pone.0210881.t001
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acute effects of static stretching. Such studies reported a significant decrease in postural control
after static stretching of calf muscles [23,24,35] which could also be related to deterioration of
ankle force sense, and may consequently impair balance control with ankle strategy. Reduced
ankle force sense acuity can be also explained as being caused by reduced muscle power output
and muscle force after static stretching [36,37] thus affecting force sense perception. These
changes could be due to mechanical adaptations of muscle-tendon unit and adjustments in the
neural system. Static stretching may also cause peripheral changes such as reduced passive
MTU stiffness and increased MTU length [24] which affects muscle spindle receptors and
Golgi tendon organs. Changes at the neural level are associated with decreased afferent input
into the motor neuron pool, and therefore on reduced tonic reflex activity [25]. It seems that
the previously mentioned mechanisms underlying static stretching had a significant effect on
reduced ankle force acuity. In our case, impaired ankle force acuity is probably not caused by
thixotropy because subjects actively moved their ankle through full range of motion to avoid it
[28].
Even though greater force sense errors were expected after concentric contractions, our
results suggest that this intervention protocol did not have a significant effect. Impaired ankle
force sense relative to the control condition was only observed when all effects for dorsiflexion
(DF-SUM) were taken into account. Greater AE of DF compared to PF could be due to differ-
ent function and muscle structure of these two muscle groups, where PF could be less suscepti-
ble to fatigue. One study reported that concentric contractions of ankle PF muscles lead to less
accurate and less consistent force matching performance [12], but, in this study, subjects per-
formed concentric contractions until maximal exhaustion. Alteration of another aspect of
kinaesthesia (joint position sense) has been noted after isometric contractions for DF muscles
[38], while some other studies using different fatiguing protocols showed no impaired
kinaesthesia of ankle joint [13,18]. We can conclude that concentric contractions of 30% 1RM
did not affect PF and DF muscles to cause significant impact on force sense of the ankle. Other
factors or differences could be related to the young age of our subjects and their presumably
good physical condition since they were healthy sport science students.
Results for the one-legged balance task showed no significant acute effect on ankle force
matching performance. While standing on unstable surface information derived from somato-
sensory system becomes ambiguous [27], in contrast, vestibular [39] and visual [40] informa-
tion is upweighted. This takes place because changes in the length of muscles in the lower
extremity are not coherent with changes in body orientation relative to gravity [41]. Other
studies also reported reduced gains of proprioceptive reflexes when balancing on unstable sur-
faces [42,43], however, we assume that changes in the use of afferent information vanish after
such a short period of one-legged balancing. It is important to note that the influence of the
balance task is dependent on subjects having previously practiced the task [27] and that the
one-legged balance task might impose different difficulty for each subject as a result, leading to
contrasting adaptations. Overall, the balance task probably did not induce any greater mechan-
ical or neural adaptations influence on the force sense of the ankle, or they balanced each other
out.
In summary, the present findings showed significant deterioration of ankle force sense after
the static stretching task, while there was no significant changes after concentric contractions
and the balance task. This could be useful information for proper sequence planning during
the same exercise unit. While some studies have suggested that static stretching may be effec-
tive in injury prevention [44–47] and increasing joint range of motion [48], other studies have
pointed out that stretching could increase the risk of injuries [30,49–52]. Despite that, it can
also have a negative effect on immediate physical performance in jumping, sprinting, running,
or balance [1,50]. The present findings may support this notion further, on activities that
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include great deal of balance, coordination, and precision, at least for the ankle joint. Finally, it
would be interesting to investigate these effects in the elderly who have less accurate postural
control and greater risk of falling. The total stretching, balance and concentric contraction
times were not matched and may influence on the results of the study. However, it should be
noted that these exercise modalities generally have different duration in practice so our results
have ecological validity. Although our measurements were undertaken in isometric conditions,
which could be a possible limitation of our study, the results clearly highlighted the potential
deleterious effects of static stretching on ankle force sense acuity.
Supporting information
S1 File. Individual data of the error scores for force sense test.
(XLSX)
Acknowledgments
We would like to thank all the subjects who generously gave time to participate in the study.
Author Contributions
Conceptualization: Darjan Smajla, Katja Tomazˇin, Vojko Strojnik.
Data curation: Darjan Smajla.
Formal analysis: Darjan Smajla.
Investigation: Darjan Smajla.
Methodology: Darjan Smajla, Amador Garcı´a-Ramos.
Supervision: Katja Tomazˇin, Vojko Strojnik.
Writing – original draft: Darjan Smajla.
Writing – review & editing: Darjan Smajla, Amador Garcı´a-Ramos, Vojko Strojnik.
References
1. Behm DG, Blazevich AJ, Kay AD, McHugh M. Acute effects of muscle stretching on physical perfor-
mance, range of motion, and injury incidence in healthy active individuals: a systematic review. Appl
Physiol Nutr Metab. 2016; 41: 1–11. https://doi.org/10.1139/apnm-2015-0235 PMID: 26642915
2. Ribeiro F, Oliveira J. Factors Influencing Proprioception: What do They Reveal?, Biomechanics in Appli-
cations. In: Klika V, editor. InTech; 2011. pp. 323–346. https://doi.org/10.5772/20335
3. Riemann BL, Lephart SM. The Sensorimotor System, Part I: The Physiologic Basis of Functional Joint
Stability. J Athl Train. 2002; 37: 71–79. PMID: 16558670
4. Westlake KP, Culham EG. Sensory-Specific Balance Training in Older Adults: Effect on Proprioceptive
Reintegration and Cognitive Demands. Phys Ther. 2007; 87: 1274–1283. https://doi.org/10.2522/ptj.
20060263 PMID: 17636154
5. Rosker J, Sarabon N. Kinaesthesia and Methods for its Assessment: Literature Review. Sport Sci Rev.
2010; XIX: 165–208. https://doi.org/10.2478/v10237-011-0037-4
6. Proske U. Kinesthesia: The role of muscle receptors. Muscle and Nerve. 2006; 34: 545–558. https://doi.
org/10.1002/mus.20627 PMID: 16897766
7. Proske U, Gandevia SC. The kinaesthetic senses. J Physiol. 2009; 587: 4139–4146. https://doi.org/10.
1113/jphysiol.2009.175372 PMID: 19581378
8. Docherty CL, Arnold BL. Force sense deficits in functionally unstable ankles. J Orthop Res. 2008; 26:
1489–1493. https://doi.org/10.1002/jor.20682 PMID: 18473387
Selective effect of different exercise modalities on ankle force sense
PLOS ONE | https://doi.org/10.1371/journal.pone.0210881 January 17, 2019 8 / 10
9. Hortoba´gyi T, Garry J, Holbert D, Devita P. Aberrations in the control of quadriceps muscle force in
patients with knee osteoarthritis. Arthritis Care Res (Hoboken). 2004; 51: 562–569. https://doi.org/10.
1002/art.20545 PMID: 15334428
10. Robbins S, Waked E. Factors associated with ankle injuries. Preventive measures. Sport Med. 1998;
25: 63–72. https://doi.org/10.2165/00007256-199825010-00005 PMID: 9458527
11. Billot M, Simoneau EM, Van Hoecke J, Martin A. Age-related relative increases in electromyography
activity and torque according to the maximal capacity during upright standing. Eur J Appl Physiol. 2010;
109: 669–680. https://doi.org/10.1007/s00421-010-1397-7 PMID: 20213469
12. Vuillerme N, Boisgontier M. Muscle fatigue degrades force sense at the ankle joint. Gait Posture. 2008;
28: 521–524. https://doi.org/10.1016/j.gaitpost.2008.03.005 PMID: 18434157
13. South M, George KP. The effect of peroneal muscle fatigue on ankle joint position sense. Phys Ther
Sport. 2007; 8: 82–87. https://doi.org/10.1016/j.ptsp.2006.12.001
14. Brindle TJ, Lebiedowska MK, Miller JL, Stanhope SJ. The influence of ankle joint movement on knee
joint kinesthesia at various movement velocities. Scand J Med Sci Sport. 2010; 20: 262–267. https://
doi.org/10.1111/j.1600-0838.2009.00887.x PMID: 19486484
15. Torres R, Duarte JA, Cabri JMH. An acute bout of quadriceps muscle stretching has no influence on
knee joint proprioception. J Hum Kinet. 2012; 34: 33–39. https://doi.org/10.2478/v10078-012-0061-1
PMID: 23486744
16. Brockett C, Warren N, Gregory JE, Morgan DL, Proske U. A comparison of the effects of concentric ver-
sus eccentric exercise on force and position sense at the human elbow joint. Brain Res. 1997; 771:
251–258. https://doi.org/10.1016/S0006-8993(97)00808-1 PMID: 9401745
17. Ribeiro F, Mota J, Oliveira J. Effect of exercise-induced fatigue on position sense of the knee in the
elderly. Eur J Appl Physiol. 2007; 99: 379–385. https://doi.org/10.1007/s00421-006-0357-8 PMID:
17165054
18. Gurney B, Milani J, Pedersen ME, Elizabeth M, Role P. Role of Fatigue on Propriocetion of the Ankle. J
Exerc Physiol Online. 2000; 3: 14–24.
19. Fischer MT, Scha¨fer SS. Effects of changes in pH on the afferent impulse activity of isolated cat muscle
spindles. Brain Res. 2005; 1043: 163–178. https://doi.org/10.1016/j.brainres.2005.02.059 PMID:
15862530
20. Tripp BL, Uhl TL, Mattacola CG, Srinivasan C, Shapiro R. A comparison of individual joint contributions
to multijoint position reproduction acuity in overhead-throwing athletes. 2006; 21: 466–473. https://doi.
org/10.1016/j.clinbiomech.2005.12.015 PMID: 16481079
21. Okamura Y, Otsuka H, Toh S. The Effect of Local and General Fatigue on Knee Proprioception. 2004;
20: 414–418. https://doi.org/10.1016/j.arthro.2004.01.007 PMID: 15067282
22. Bjo¨rklund M, Djupsjo¨backa M, Crenshaw AG. Acute muscle stretching and shoulder position sense. J
Athl Train. 2006; 41: 270–274. https://doi.org/10.1016/S0162-0908(08)70082-5 PMID: 17043694
23. Behm DG, Bambury A, Cahill F, Power K. Effect of acute static stretching on force, balance, reaction
time, and movement time. Med Sci Sports Exerc. 2004; 36: 1397–1402. https://doi.org/10.1249/01.
MSS.0000135788.23012.5F PMID: 15292749
24. Hemmati L, Rojhani-Shirazi Z, Ebrahimi S. Effects of Plantar Flexor Muscle Static Stretching Alone and
Combined With Massage on Postural Balance. Ann Rehabil Med. 2016; 40: 845–850. https://doi.org/
10.5535/arm.2016.40.5.845 PMID: 27847714
25. Guissard N, Duchateau J. Neural Aspects of Muscle Stretching. Exerc Sport Sci Rev. 2006; 34: 154–
158. https://doi.org/10.1249/01.jes.0000240023.30373.eb PMID: 17031252
26. Taube W, Gruber M, Gollhofer A. Spinal and supraspinal adaptations associated with balance training
and their functional relevance. Acta Physiol. 2008; 193: 101–116.
27. van Diee¨n JH, van Leeuwen M, Faber GS. Learning to balance on one leg: motor strategy and sensory
weighting. J Neurophysiol. 2015; 114: 2967–2982. https://doi.org/10.1152/jn.00434.2015 PMID:
26400255
28. Wiktorson-Mller M, Oberg B, Ekstrand J, Gillquist J. Effects of warming up, massage and stretching on
range of motion and muscle strenght in the lower extremity. Am J Sport Med. 1983; 11: 249–252.
29. Coren S. The lateral preference inventory for measurement of handedness, footedness, eyedness, and
earedness: Norms for young adults. Bull Psychon Soc. 1993; 31: 1–3.
30. Costa PB, Ryan ED, Herda TJ, Walter AA, Defreitas JM, Stout JR, et al. Acute effects of static stretch-
ing on peak torque and the hamstrings- to-quadriceps conventional and functional ratios. Scand J Med
Sci Sport. 2013; 23: 38–45. https://doi.org/10.1111/j.1600-0838.2011.01348.x PMID: 21672027
31. Brzycki M. Strength Testing—Predicting a One-Rep Max from Reps-to-Fatigue. J Phys Educ Recreat
Danc. 1993; 64: 88–90. https://doi.org/10.1080/07303084.1993.10606684
Selective effect of different exercise modalities on ankle force sense
PLOS ONE | https://doi.org/10.1371/journal.pone.0210881 January 17, 2019 9 / 10
32. Weir J. Quantifying test-retest reliability using the interclass correlation coefficient and the SEM. J
Strenght Cond Res. 2005; 19: 231–240.
33. Garcı´a-Ramos A, Feriche B, Pe´rez-Castilla A, Padial P, Jaric S. Assessment of leg muscles mechanical
capacities: Which jump, loading, and variable type provide the most reliable outcomes? Eur J Sport Sci.
2017; 17: 690–698. https://doi.org/10.1080/17461391.2017.1304999 PMID: 28338423
34. Hopkins W. Calculations for reliability (Excel spreedsheet). [Internet]. A New View of Statistics; 2000.
Available: http://www.sportsci.org/resource/stats/relycalc.html
35. Lima BN, Lucareli PRG, Gomes WA, Silva JJ, Bley AS, Hartigan H, et al. The Acute Effects of Unilateral
Ankle Plantar Flexors Static- Stretching on Postural Sway and Gastrocnemius Muscle Activity during
Single-Leg Balance Tasks. J Sport Sci Med. 2014; 13: 564–570.
36. Behm D. Factors Affecting Force Loss With Prolonged Stretching. Can J Appl Physiol. 2001; 26: 261–
271. https://doi.org/10.1139/h01-017 PMID: 11441230
37. Marek SM, Cramer JT, Fincher AL, Massey LL, Dangelmaier SM, Purkayastha S, et al. Acute Effects of
Static and Proprioceptive Muscle Strength and Power Output. J Athl Train. 2005; 40: 94–103. PMID:
15970955
38. Forestier N, Teasdale N, Nougier V. Alteration of the position sense at the ankle induced by muscular
fatigue in humans. Med Sci Sports Exerc. 2002; 34: 117–122. https://doi.org/10.1097/00005768-
200201000-00018 PMID: 11782656
39. Van Der Kooij H, Peterka RJ. Non-linear stimulus-response behavior of the human stance control sys-
tem is predicted by optimization of a system with sensory and motor noise. J Comput Neurosci. 2011;
30: 759–778. https://doi.org/10.1007/s10827-010-0291-y PMID: 21161357
40. Asslander L, Peterka RJ. Sensory reweighting dynamics in human postural control. J Neurophysiol.
2014; 111: 1852–1864. https://doi.org/10.1152/jn.00669.2013 PMID: 24501263
41. Kiers H, Brumagne S, Van Diee¨n J, Van Der Wees P, Vanhees L. Ankle proprioception is not targeted
by exercises on an unstable surface. Eur J Appl Physiol. 2012; 112: 1577–1585. https://doi.org/10.
1007/s00421-011-2124-8 PMID: 21858665
42. Chalmers GR, Knutzen KM. Soleus H-reflex gain in healthy elderly and young adults when lying, stand-
ing, and balancing. Journals Gerontol—Ser A Biol Sci Med Sci. 2002; 57: 321–329. https://doi.org/10.
1093/gerona/57.8.B321
43. Trimble MH, Koceja DM. Effect of a reduced base of support in standing and balance training on the
soleus H-reflex. Int J Neurosci. 2001; 106: 1–20. PMID: 11264905
44. Ekstrand J, Gillquist J, Liljedahl S. Prevention of soccer injuries. Supervision by doctor and physiothera-
pist. Am J Sports Med. 1983; 11: 116–120. https://doi.org/10.1177/036354658301100302 PMID:
6346912
45. Bixler B, Jones R. High-school fotball injuries: effects of a post-halftime warm-up and stretching routine.
Fam Pr Res J. 1992; 12: 131–139.
46. Amako M, Oda T, Masuoka K, Yokoi H, Campisi P. Effect of static stretching on prevention of injuries
for military recruits. Mil Med. 2003; 168: 442–446. PMID: 12834132
47. Hadala M, Barrios C. Different strategies for sports injury prevention in an America’s Cup Yachting
Crew. Med Sci Sport Exerc. 2009; 41: 1587–1596.
48. Magnusson SP, Simonsen EB, Aagaard P, Soørensen H, Kjær M. A mechanism for altered flexibility in
human skeletal muscle. J Physiol. 1996; 497: 291–298. https://doi.org/10.1113/jphysiol.1996.sp021768
PMID: 8951730
49. Bernardino S, Sciences E, Village P, Sciences H. Effects of Dynamic Stretching on Strength, Muscle
Imbalance, and Muscle Activation. 2014; 586–593. https://doi.org/10.1249/MSS.0000000000000138
50. Costa P, Ruas C, Smith C. Effects of stretching and fatigue on peak torque, muscle imbalance, and sta-
bility. J Sport Med Phys Fit. 2018; 58: 957–965. https://doi.org/10.23736/S0022-4707.17.07072–4
51. Costa PB, Ryan ED, Herda TJ, Defreitas JM, Beck TW, Cramer JT. Effects of static stretching on the
hamstring-to-quadriceps ratio and electromyographic amplitude in men. 2009; 49: 401–409.
52. Costa PB, Ryan ED, Herda TJ, Defreitas JM, Beck TW, Cramer JT. Effects of Stretching on Peak Tor-
que and the H: Q Ratio. Int J Sport Med. 2009; 30: 60–65. https://doi.org/10.1055/s-2008-1038738
PMID: 18651372
Selective effect of different exercise modalities on ankle force sense
PLOS ONE | https://doi.org/10.1371/journal.pone.0210881 January 17, 2019 10 / 10
